Introduction {#sec1}
============

The green synthesis of nitrogen-based heterocyclic compounds has attracted great attention in pharmaceutical and medicinal chemistry during the recent years. In this line, 1,2,3-triazoles,^[@ref1]^ by revealing a wide range of biological and pharmacological activities (such as antimicrobial,^[@ref2]^ antiviral,^[@ref3]^ anticonvulsants,^[@ref4]^ anti-human immunodeficiency virus (anti-HIV)^[@ref5]^ and anti-allergic^[@ref6]^ activities), play a prominent role in medicinal chemistry. Additionally, this type of heterocycles, due to their unique chemical and structural properties, has received much attention in materials sciences and they have also some industrial applications such as dyes, sensors, agrochemicals, corrosion inhibitors, and photostabilizers.^[@ref7]^ Therefore, the development of efficient, simple, novel, and green methods for the synthesis of 1,2,3-triazole derivatives has practical importance and are attractive in synthetic organic chemistry. The copper-catalyzed azide--alkyne cycloaddition (CuAAC) reaction is the most popular method for the construction of 1,2,3-triazoles, which is independently discovered by Sharpless and Meldal in 2002, and is well known as "click reaction".^[@ref8]^ Due to the explosive property of the low-molecular-weight (MW) organic azides and the difficulties in their handling, in situ generation of organic azides by the reaction of NaN~3~ with organic reagents like benzyl halides,^[@ref9]^ epoxides,^[@ref10]^ and aryl boronic acids^[@ref11]^ has been introduced to create a wide range of 1,2,3-triazole derivatives. Among them, using epoxides for the production of β-hydroxy-1,2,3-triazoles have attracted the highest interest because of their importance in drugs and pharmaceuticals.^[@ref12]^ β-Hydroxy-1,2,3-triazoles are also found in peptide surrogates of HIV-1 protease inhibitors.^[@ref13]^

The investigations in catalytic systems show that heterogeneous catalysts are often preferred over homogeneous catalysts due to their reusability and also their faster and simpler isolation process from the reaction products.^[@ref14]^ Therefore, some heterogeneous catalysts such as Cu(I)-modified zeolite,^[@ref15]^ CuFe~2~O~4~ magnetic nanoparticles,^[@ref16]^ copper nanoparticles on activated carbon,^[@ref17]^ Cu(I) supported on alumina (Cu/Al~2~O~3~),^[@ref18]^ and Cu(II)-hydrotalcite^[@ref19]^ have been attained for the Huisgen 1,3-dipolar cycloaddition reaction.

The development of nontoxic and clean methods for carrying out organic reactions is one of the main goals of green chemistry.^[@ref20]^ The immobilization of metal-based catalysts on a safe heterogeneous surface does meet both economical and green chemistry requirements. Silica gel by having several advantages, such as high chemical and thermal stability, low price, good accessibilities, adaptability with different catalytic systems, and also surface modification ability with various organic groups, has generated the most interest in preparing heterogeneous catalysts.^[@ref21]^ Physical adsorption and chemical grafting of the functional groups are two usual methods for the surface modification of silica.^[@ref22]^ In the chemical modification, the organic and inorganic components are linked together through strong covalent or coordinative bonds on the surface of silica. The chemical immobilization of metal coordination compounds on the silica surface is more attractive than physical adsorption because it offers unique advantages such as high catalytic efficiency, higher stability, and better recyclability.^[@ref23]^ Nevertheless, using strong synthetic strategies and suitable materials that can connect to the surface of silica is the primary and important requirement of this method. Due to this, the design and synthesis of materials containing suitable functional groups to attach the catalysts on the surface of silica are the challenges in preparing silica-supported heterogeneous catalysts.

In most of the previously reported copper-based catalysts for the synthesis of 1,2,3-triazoles, the Cu(I) compounds or a combination of Cu(II) salts with a reducing agent (such as sodium ascorbate)^[@ref24]^ have been employed. These methods by considering the difficulty in handling Cu(I) compounds and also using other reagents are not ideal for green chemistry. Thus, in recent years, the development of a new class of catalysts based on Cu(II) coordination compounds has attracted considerable attention.^[@ref25]^ Based on the facts above, the development of high-performance heterogeneous systems containing Cu(II) ions with high stability, ecofriendly, and economically viable materials for the catalytic production of 1,2,3-triazoles is still highly desirable. Thus, in this paper, we report the design and catalytic activity of a new Cu(II)-based silica-supported heterogeneous catalyst for this reaction. By considering the high stability and activity of hydrazone-based coordination compounds in various catalytic reactions,^[@ref26]^ we selected this type of ligand for preparing Cu(II) coordination compounds. The obtained compound containing ester functionality was characterized by spectroscopic methods and single-crystal X-ray analysis. In the next step, the heterogeneous silica-supported copper(II) catalyst was obtained by the immobilization of the obtained coordination compound on the silica surface. The catalytic investigations indicated that this catalytic system is an active and selective catalyst for the green synthesis of β-hydroxy-1,2,3-triazoles in water.

Results and Discussion {#sec2}
======================

Synthesis and Spectroscopy {#sec2.1}
--------------------------

The hydrazone Schiff base ligand, (*E*)-6-(2-((2-hydroxynaphthalen-1-yl)methylene)hydrazinyl)nicotinohydrazide (H~2~L), was synthesized by the refluxing of equimolar amounts of 6-hydrazinonicotinic hydrazide hydrate with 2-hydroxy-1-naphthaldehyde in methanol ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The formation of H~2~L was confirmed by elemental analyses and Fourier transform infrared (FT-IR) and NMR spectroscopic studies. In the ^1^H NMR spectrum of H~2~L ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)), the singlet peak at δ 9.07 ppm is due to azomethine (−C*H*=N) hydrogen. The hydrogen of phenolic O--*H*, amidic (=N--N*H*--C=O), and hydrazine (Py--N*H*--N=) appears at δ 11.70, 11.34, and 9.65 ppm, respectively.^[@ref27]^ The broad peak at δ 4.46 ppm is due to the hydrogen atoms of the −N*H*~2~ moiety. By the addition of D~2~O to the NMR tube, these peaks were eliminated (see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)). The aromatic hydrogen atoms are observed in δ 8.81--6.97 ppm. Seventeen peaks were observed in the ^13^C NMR spectrum of H~2~L ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)), which is in good agreement with the proposed structure for H~2~L in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. In the FT-IR spectrum of H~2~L ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)), the bands at 1664, 1625, and 1523 cm^--1^ are due to amidic C=O, C=N (azomethine), and aromatic C=C functionalities of the ligand, respectively.^[@ref28]^ The bands at 3272 and 3204 cm^--1^ are due to the NH groups, and the broad band at 3335 cm^--1^ is due to the phenolic OH group.^[@ref29]^ These bands are relatively broad, which indicates that they participate in the formation of strong intermolecular hydrogen bond interactions. The reaction of copper(II) chloride dihydrate and H~2~L with 1:1 molar ratios in methanol leads to compound \[Cu(HL′)Cl\]·CH~3~OH (**1**). In the FT-IR spectrum of compound **1** ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)), the absorption band at 1633 cm^--1^ can be assigned to the imine (C=N) stretching frequency of the coordinated ligand. Furthermore, in the FT-IR spectra of **1**, one strong band at 1717 cm^--1^ is observed, which can be assigned to the esteric (C=O) stretching vibration.^[@ref30]^ The formation of an esteric functionality was confirmed by other analyses like single-crystal X-ray diffraction studies. The elimination of −NH~2~ peaks (observed at 3272 cm^--1^ in the FT-IR spectrum of ligand) in the FT-IR spectrum of compound **1** confirms the elimination of hydrazide moiety (−NH--NH~2~) during the formation of a coordination compound. The weak peak at 3180 cm^--1^ in the FT-IR spectrum of compound **1** is due to the hydrazine (R--NH--N=) vibration. This peak is overlapped with the strong and broad peak of the OH group at 3419 cm^--1^, which is observed due to the presence of uncoordinated methanol molecule in the structure of compound **1**.^[@ref31]^ Further, the peaks at 669 and 447 cm^--1^ were observed, which might be attributed to Cu--O and Cu--N stretching vibrations, respectively.^[@ref32]^

![Synthesis of (a) Ligand (H~2~L) and (b) Compound \[Cu(HL′)(Cl)\]·CH~3~OH (**1**)](ao0c01491_0011){#sch1}

The electronic absorption spectra of H~2~L and compound **1** in methanol are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The Schiff base ligand displays strong bands at 212, 240, 266, 334, 374, and 390 nm. These bands are assigned to intraligand π → π\* (characteristic of π-bonds of the aromatic ring and C=N and C=O groups) and n → π\* (characteristic of nonbonded electrons available on C=N and C=O groups) transitions. The UV--vis spectrum of compound **1** in the region of 200--350 nm is relatively similar to the UV--vis spectrum of the Schiff base ligand, and the shifts of the bands indicate the coordination of the ligand to Cu(II) ions. In the UV--vis spectrum of compound **1**, the elimination of the n → π\* band of free ligand (at 374 and 390 nm) together with the observation of a new broad band at about 450 nm can be attributed to the coordination of C=N and C=O groups to the metal ion. The band at 450 nm in the electronic spectrum of compound **1** is due to the ligand to metal charge transfer (LMCT) transitions. The band for the d--d transitions appears as a broad weak peak at around 600 nm. The thermal stability of compound **1** was examined by thermogravimetric analysis (TGA) in the range of 25--800 °C under a nitrogen atmosphere. The TGA curve of **1** ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)) shows that the uncoordinated methanol molecule is removed between 100 and 130 °C. This curve also indicates that **1** is stable up to 150 °C, where the 3% of weight, probably coordinated Cl ion, is removed. Then, at 260 °C, the organic ligand is removed during three steps (260--300, 300--500, and 500--700 °C) with different rates of weight loss. The overall mass loss of up to 800 °C is equal to −79.34% of starting mass and indicates that the final product is CuO (calcd −82.37%).

![UV--vis spectra of H~2~L and compound **1** in methanol.](ao0c01491_0001){#fig1}

X-ray Structure of \[Cu(HL′)(Cl)\]·CH~3~OH (**1**) {#sec2.2}
--------------------------------------------------

The crystal structure of \[Cu(HL′)(Cl)\]·CH~3~OH (**1**) is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, and the selected bond lengths and angles are collected in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The dark brown block crystals of compound **1** crystallize in the monoclinic crystal system (**P**2~1~/*n* space group). X-ray analysis showed that **1** is a mononuclear coordination compound of Cu(II), which is obtained by the coordination of a Schiff base ligand and one chloride anion to the Cu(II) ion. There is an uncoordinated methanol molecule in the structure of **1**, which is located beside the molecules of the coordination compound and stabilized in the crystal structure by hydrogen bond interactions. The Schiff base ligand acts as a tridentate NNO-donor ligand by coordination of naphtholic oxygen and the nitrogen atoms of pyridine and azomethine groups. The coordination geometry of Cu(II) ion can be described as a distorted square planar with a CuN~2~OCl environment. Diffraction studies indicate that the structure of the primary Schiff base ligand, H~2~L, is changed during the formation of a coordination compound in methanol solvent. The hydrazide group of H~2~L, −C(=O)--NH--NH~2~, is changed to an esteric functionality, −C(=O)--OCH~3~, by in situ esterification by methanol during the coordination of ligand to the metal ion. Such in situ esterification reactions during the formation of coordination compounds have been previously reported in the literature.^[@ref33]^ Therefore, the H~2~L is converted to a new ligand, H~2~L′, in the structure of the final Cu(II) coordination compound. By considering the elimination of the hydrogen atom of the naphtholic −OH group, the ligand acts as a mononegative ligand, (HL′)^−^, in compound **1**.

![Molecular structure of compound **1** with the atom numbering scheme. The pink dashed line shows hydrogen bond interaction.](ao0c01491_0003){#fig2}

###### Selected Bond Lengths (Å) and Angles (deg) in the Crystal Structure of Compound **1**

  bond       lengths (Å)   bond           angles (deg)
  ---------- ------------- -------------- --------------
  Cu1--O1    1.913(3)      O1--Cu1--N1    90.10(13)
  Cu1--N1    1.944(3)      O1--Cu1--N3    171.41(13)
  Cu1--N3    1.991(3)      N1--Cu1--N3    81.31(14)
  Cu1--Cl1   2.2196(11)    O1--Cu1--Cl1   92.06(9)
                           N1--Cu1--Cl1   177.58(11)
                           N3--Cu1--Cl1   96.53(10)

The crystal structure of compound **1** displays some directed π···π and C--H···π interactions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Moreover, the O--H group of the uncoordinated methanol involves intermolecular O1M--H1M···O1 hydrogen bonds (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The crystal packing of compound **1** is further stabilized by some other N2--H2···O1M and C1M--H1M3···O2^ii^ interactions, where a one-dimensional (1D) polymeric network is generated by these intermolecular interactions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![(a) Intermolecular hydrogen bond interactions and (b) 1D polymeric chain in the crystal structure of **1**.](ao0c01491_0004){#fig3}

###### Hydrogen Bond Interactions in the Crystal Structure of Compounds **1**, **T2**, and **T3**[a](#t2fn1){ref-type="table-fn"}

  *D*--H···*A*         *D*--H   *H*···*A*   *D*···*A*   *D*--H···*A*
  -------------------- -------- ----------- ----------- --------------
  Compound **1**                                        
  N2--H2N···O1M^i^     0.88     1.85        2.732(5)    176
  O1M--H1M···Cl1       0.84     2.80        3.481(3)    140
  O1M--H1M···O1        0.84     2.21        2.893(4)    139
  C1M--H1M3···O2^ii^   0.98     2.44        3.372(6)    160
  C16--H16···Cl1       0.95     2.76        3.313 (4)   118
  **T2**                                                
  O9--H9A···N10        0.82     2.49        2.900(5)    112.2
  O9--H9A···O18^iii^   0.82     2.14        2.879(4)    149.2
  O18--H18A···O9^iv^   0.82     2.04        2.833(4)    161.2
  **T3**                                                
  C11--H11A···N9^v^    0.93     2.64        3.326(5)    130.8
  C12--H12A···O15^v^   0.97     2.61        3.514(5)    154.9
  O15--H15A···N8^vi^   0.82     2.09        2.889(4)    164.4

Symmetry codes: (i) *x*, *y* -- 1, *z*; (ii) −*x* + 1, −*y* + 1, −*z* + 1; (iii) *x*, −*y* + 1/2, *z* + 1/2; (iv) = *x*, *y*, *z* -- 1; (v) −*x* -- 1/2, *y*, *z* -- 1/2; and (vi) *x* + 1/2, −*y* -- 2, *z*.

Preparing Heterogeneous Catalyst by Supporting Compound **1** on the Surface of Silica Gel {#sec2.3}
------------------------------------------------------------------------------------------

By considering the applications of 1,2,3-triazoles as important molecules in medicinal chemistry and pharmaceutical drugs, we are interested to employ compound **1** as a catalyst in the three-component (azide, epoxide, and terminal alkyne) 1,3-Huisgen cycloaddition reaction, known as "click reaction", to produce β-hydroxy-1,2,3-triazoles. Considering the advantages of heterogeneous catalysts over their homogeneous counterparts, in this study, we decided to support compound **1** on silica gel by the simple reaction shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} and convert it into a silica-supported heterogeneous catalyst. The reaction of compound **1** with 3-aminopropyltriethoxysilane-functionalized silica gel (SG-APTS) in refluxing methanol gave silica-supported Cu(II)-hydrazone coordination compound (**SG-1′**). In this reaction, the coordination compound is supported on the silica gel by the amidification reaction. The −NH~2~ group of the functionalized silica gel attacks the ester functionality of compound **1**. Therefore, the coordination compound is attached to the surface of silica gel by strong amide functionality obtained by this reaction. The supporting of the coordination compound on the surface of silica gel was confirmed by a mixture of spectroscopic studies (FT-IR and UV--vis), scanning electron microscopy (SEM), TGA, and energy-dispersive spectrometry (EDS) analyses.

![Preparation of Silica Gel-Supported Copper(II) Catalyst (**SG-1**′)](ao0c01491_0012){#sch2}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the FT-IR spectra of SG-APTS, **SG-1′**, and compound **1**. The infrared spectrum of SG-APTS displays bands at 1046 and 798 cm^--1^, which are the characteristic antisymmetric and symmetric stretching modes of \[SiO~4~\] units (Si--O--Si), respectively.^[@ref34]^ The peak at 473 cm^--1^ is attributed to the bending vibrations of Si--O--Si. Also, the bands at 2924 and 2873 cm^--1^ are characteristics of the asymmetric and symmetric CH~2~ bands, confirming the existence of organic groups on the surface of the silica gel.^[@ref35]^ After the reaction of SG-APTS with compound **1**, an absorption band was observed at 1654 cm^--1^ in the FT-IR spectrum of **SG-1′**, which can be attributed to the amidic C=O vibration. The shift of C=O peak from 1717 cm^--1^ (in compound **1**) to 1654 cm^--1^ (in **SG-1′**) confirms the formation of amide linkage between compound **1** and SG-APTS. The absorption band at 1618 cm^--1^ can be assigned to the imine (C=N) stretching frequency. The strong bands at 1098 and 450 cm^--1^ are due to the influence of the strong absorption background of the silica gel. The appearance of characteristic bands of the silica support in the FT-IR spectra of SG-APTS and **SG-1′** indicates that the fundamental structure of the parent silica support is not disturbed even after the formation of the catalyst. Solid-state UV--vis spectra of compound **1** and **SG-1′** are shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf). These spectra are very close to each other, which confirms the supporting of compound **1** on the surface of silica gel. The small differences and some shifts in the spectrum of **SG-1′** can be attributed to the changes in the intermolecular interactions, converting the esteric group to an amidic functionality, and also the effects of silica gel on the electronic transitions of the supported coordination compound.

![FT-IR spectra of compound **1**, SG-APTS, and **SG-1′**.](ao0c01491_0005){#fig4}

The obtained heterogeneous catalyst was also characterized by EDS and EDS mapping analyses, which are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b, respectively. The EDS analysis of **SG-1′** showed that the catalyst contains Si (≈28.10%), O (≈45.62%), C (≈15.52%), N (≈4.56%), Cl (≈2.07%), and Cu (≈4.13%). The amount of Cu indicates the presence of approximately 0.667 mmol of copper(II) ion per 1 g of catalyst (calculated 4.24%, experimental 4.13%), which is in agreement with the obtained results from the synthetic procedure. Relatively higher amounts of C (calculated 13.81%, experimental 15.52%) and N atoms (calculated 2.80%, experimental 4.56%) with respect to the expected amount for the supported coordination compound are due to the presence of the 3-aminopropyl linker on the surface of silica gel, which increases their percentage on the surface of the catalyst.

![(a) EDS and (b) EDS mapping analysis of the heterogeneous catalyst obtained by the reaction of SG-APTS with compound **1**.](ao0c01491_0006){#fig5}

The SEM images of SG-APTS and **SG-1′** and recovered SG-APTS and **SG-1′** are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--c, respectively. The changes in the shape of the surface of SG-APTS in **SG-1′** confirm the changes on the surface of SG-APTS, which can be attributed to the supporting of the coordination compound on SG-APTS. The thermal stability of the catalyst was studied by TGA analysis (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)). TGA analysis of **SG-1′** indicated the total weight loss of 25% up to 800 °C, which is due to the decomposition of the supported coordination compound and the loss of the organic ligand and also solvent molecules from the structure of the catalyst.

![Field-emission SEM (FESEM) image of (a) SG-ATPS, (b) **SG-1′**, and (c) recovered **SG-1′** after the catalytic reaction.](ao0c01491_0007){#fig6}

General Procedure for Catalytic Production of β-Hydroxy-1,2,3-triazoles in the Presence of Heterogeneous Catalyst (**SG-1′**) {#sec2.4}
-----------------------------------------------------------------------------------------------------------------------------

The catalytic cycloaddition reactions in the presence of the obtained heterogeneous catalyst were carried out in water as a green solvent, which is also used by nature in biological systems and has other advantages like being a cheap, safe, and easily accessible solvent. To optimize the reaction conditions, initially, the three-component reaction of styrene oxide, sodium azide, and phenylacetylene in the presence of **SG-1′** were studied in different conditions. The results of these experiments are shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. In a preliminary step, the reaction was performed at room temperature (r.t.) and the progress of the reaction was monitored by thin-layer chromatography (TLC) until one of the primary materials (phenylacetylene or styrene oxide) was consumed. After this observation, the obtained product was extracted by ethyl acetate and purified by chromatography and crystallization. It was found that the amount of the catalyst has a significant effect on the time of reaction. Depending on the amount of the catalyst, the reactions were completed after 2.5--8 h (see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). In the absence of the catalyst, the reaction did not take place and there was not any product. By increasing the amount of the catalyst, the reaction was completed in a shorter time. The best-isolated yield in this stage was 94% after 3.5 h when 20 mg of catalyst was employed. When the amount of the catalyst was reduced from 20 to 15 and 10 mg, almost the same yield of triazole was obtained, but in these cases, the reaction was completed a little later. It was found that a further decrease in the catalyst to 7.5 or 5 mg led to lower yield or longer reaction time (entries 3 and 4). Therefore, 10 mg was considered as the optimal amount of catalyst for this cycloaddition reaction.

###### **SG-1′**-Catalyzed Cycloaddition Reaction: Optimization of the Catalytic Conditions for the Epoxystyrene--Azide--Phenylacetylene Cycloaddition Reaction[a](#t3fn1){ref-type="table-fn"}

  entry   catalyst (mg)   temp.   time (h:min)   yield (%)[b](#t3fn2){ref-type="table-fn"}   selectivity (%)
  ------- --------------- ------- -------------- ------------------------------------------- -----------------
  1       0               r.t.    8:00           0                                            
  2       3               r.t.    8:00           30                                          100
  3       5               r.t.    6:00           60                                          100
  4       7.5             r.t.    5:00           90                                          100
  5       10              r.t.    4:00           94                                          100
  6       15              r.t.    3:45           94                                          100
  7       20              r.t.    3:30           92                                          100
  8       10              50      3:00           93                                          100
  9       10              60      3:00           93                                          \>95
  10      10              70      2:45           92                                          82
  11      10              80      2:30           94                                          60
  12      10              100     2:30           93                                          50

Reaction conditions: epoxystyrene (1 mmol), phenylacetylene (1 mmol), NaN~3~ (1 mmol), **SG-1′**, and water (2 mL).

Isolated yield.

In the next step, the effect of temperature on the reaction was investigated. The reactions were done at 40, 50, 60, 80, and 100 °C, and the results showed the high influence of temperature on the activity and selectivity of this catalytic system. Increasing the reaction temperature from 25 to 50 °C increased the catalytic activity of the catalyst since the reaction was completed after almost 3 h. By increasing the temperature to 60, 70, 80, and 100 °C, the reaction time was slightly decreased, but in these temperatures, one other product was also obtained. This observation is similar to our previous report in preparing 1,2,3-triazoles by similar reagents.^[@cit10b]^ It is obvious that the new product is generated by the epoxide ring-opening reaction from the attack of azide to the less substituted carbon atom of the epoxide ring. Therefore, increasing the temperature increases the catalytic activity, but the selectivity of the reaction decreases at temperatures higher than 50 °C.

After determining the optimized conditions (the amount of the catalyst and temperature), the synthetic scope of 1,2,3-triazole derivatives via the three-component ring-opening cycloaddition reaction was investigated in the presence of **SG-1′**. For this purpose, a series of aliphatic or aromatic epoxides and alkynes were employed, of which the results are collected in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. The structure of products was characterized by elemental analysis and spectroscopic methods (FT-IR, ^1^H NMR, and ^13^C NMR; their information is available in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)). As shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, the activity of aliphatic alkynes was lower than phenylacetylene. This matter indicated that the electronic properties (electron-withdrawing (EW) or electron-releasing (ER)) of the substituent connected to the C≡C group have considerable influence on the activity of this catalytic system. On the other hand, in the case of aliphatic-substituted epoxides, the ring-opening reaction mainly occurs through the attack of azide to the less substituted carbon atom of the epoxide ring. A primary alcoholic functionality can be obtained by the attack to the more substituted position of the epoxide ring, while a secondary alcoholic functionality can be generated by an attack to the less substituted position. Therefore, we investigated the effect of temperature on the regioselectivity of the epoxide ring-opening reaction. The results showed that in aliphatic-substituted epoxides the azide anion only attacks to the less substituted carbon atom up to 50 °C, but at higher temperatures, it can also attack the more substituted carbon atom of the epoxide ring. At 60 °C, the byproduct was trace and hardly detectable by TLC, but at 70 °C, its amount was relatively considerable. However, even at higher temperatures, the amount of the product obtained by the attack to the more substituted position is low, which indicates that the less substituted carbon is the most active position in the case of aliphatic-substituted epoxides. Previous studies on the epoxide ring-opening reactions indicate that, depending on the reaction conditions and on the nature of the epoxide, this reaction can proceed by nucleophilic attack to the less or more substituted carbon atom in the case of asymmetric epoxide rings.^[@ref17],[@ref36]^ Undoubtedly, besides the steric considerations, this matter is mainly related to the electron-withdrawing (EW) or electron-releasing (ER) properties of the substituents connected to the epoxide ring. Due to this, the regioselectivity of the ring-opening reaction in preparing β-hydroxyl-1,2,3-triazoles from the epoxide--azide--alkyne cycloaddition reaction was one of the major subjects for discussion in previous reports. Finding effective factors for obtaining better regioselectivity in the production of β-hydroxyl-1,2,3-triazoles still is one of the attractive subjects in this field. Most of the reports confirm the nucleophilic attack of azide to the more substituted carbon atom in the case of aromatic-substituted epoxides and attack to the less substituted carbon atom in the case of aliphatic-substituted epoxides.^[@ref17],[@ref36]^ Nevertheless, we found that the regioselectivity of the epoxide ring-opening reaction, in the production of β-hydroxyl-1,2,3-triazoles, considerably depends on the reaction temperature (see [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). At low temperatures (like room temperature), the mentioned observation in previous reports is correct, but at higher temperatures, both reactions (attack to less and more substituted carbon of the epoxide ring) can take place in both of the aromatic- and aliphatic-substituted epoxides. It should be mentioned that our studies indicated that in the aromatic-substituted epoxides the ratio of two products is almost the same at about 100 °C, but in the aliphatic-substituted epoxides, the attack to the less substituted position still is higher. This matter can be visually followed by a simple TLC method and also by NMR spectroscopic studies.

![Structures of β-Hydroxy-1,2,3-triazoles Obtained Using Aliphathic- or Aromatic-Substituted Epoxides at (a) Low and (b) High Temperatures](ao0c01491_0013){#sch3}

###### Synthesis of β-Hydroxy-1,2,3-triazoles by Catalytic Reaction of Azide, Epoxide, and Alkyne in the Presence of a Heterogeneous Catalyst (**SG-1′**)[a](#t4fn1){ref-type="table-fn"}

![](ao0c01491_0014){#fx1}

Reaction conditions: epoxide (1 mmol), alkyne (1 mmol), NaN~3~ (1 mmol), **SG-1′** (10 mg), and water (2 mL).

To have better data about the structure of products and the type of epoxide ring-opening reaction, the structures of two products (**T2** and **T3**) were determined by single-crystal X-ray analysis. The molecular structures of **T2** and **T3** are shown in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a and [8](#fig8){ref-type="fig"}a, respectively, and the selected bond lengths and angles are available in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf). Diffraction studies confirmed the proposed structures for the obtained products from the cycloaddition reactions in the presence of **SG-1′**. In the case of **T2**, where an aromatic epoxide is used in the cycloaddition reaction, a primary alcoholic functionality is obtained by nucleophilic attack of the azide anion to the more substituted carbon atom of the epoxide ring. In **T3**, with the aliphatic group connected to the epoxide ring, a secondary alcoholic functionality is obtained by nucleophilic attack of azide to the less substituted position of the epoxide ring. The bond lengths and angles in the obtained 1,2,3-triazole rings are close to the previously reported 1,2,3-triazoles.^[@ref37]^ The crystal structures of both **T2** and **T3** are stabilized by intermolecular O--H···O hydrogen bond interactions (see [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b and [8](#fig8){ref-type="fig"}b, respectively), and a 1D polymeric chain is generated by these interactions. Moreover, there are some other C--H···O, C--H···N, and π···π interactions in the crystal structures of **T2** and **T3**, which convert 1D polymeric chains to 2D polymeric networks (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b and [8](#fig8){ref-type="fig"}b).

![(a) Molecular structure of product **T2**. (b) 1D polymeric chain obtained by intermolecular hydrogen-bonding interactions in the crystal structure of **T2**.](ao0c01491_0008){#fig7}

![(a) Molecular structure of product **T3**. (b) 2D polymeric chain obtained by intermolecular hydrogen-bonding interactions in the crystal structure of **T3**.](ao0c01491_0009){#fig8}

Recycling and the Stability of the Catalyst {#sec2.5}
-------------------------------------------

The recycling test of the heterogeneous catalyst was investigated under the optimized reaction conditions. It is worth mentioning that despite a small amount of catalyst was utilized, it could be easily recovered by filtration (after treating the reaction mixture with ethyl acetate) and reused. The results of this reusability study are illustrated in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. The results indicate that the heterogeneous catalyst can be reused at least four times with only a small reduction in the rate of the reaction under similar experimental conditions. Generally, the catalyst lost below 10% of its original catalytic activity in the fourth catalytic run, and the selectivity of the products was also comparable in each catalytic run. It proves the good stability of the obtained heterogeneous catalyst covalently immobilized on silica gel. To study the changes in the structure of the catalyst after catalytic reactions, the recovered catalyst was analyzed by FT-IR spectroscopy, SEM, EDS, and TGA analyses. The FT-IR spectrum of the recovered catalyst (see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)) was very similar to the FT-IR spectrum of the fresh catalyst, which confirms the stability of the catalyst. However, some minor changes were also observed, which can be attributed to the interactions of the reagents with the catalyst. The most important change is the observation of an azide peak at 2078 cm^--1^, which indicated that the azide is inserted to the structure of the catalyst. This matter can be attributed to the replacement of chloride anion with azide anion and the coordination of azide to the Cu(II) ion, which is also confirmed by EDS analysis. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the EDS and EDS mapping analysis of the recovered catalyst. As it is seen, the chloride anion is absent in the structure of the recovered catalyst, which confirms its replacement by the azide anion. The presence of copper, nitrogen, and carbon atoms in the EDS analysis of the recovered catalyst confirms the stability and reusability of the catalyst. Finally, in the TGA analysis of the recovered catalyst (see [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf)), the loss of approximately 30% of the weight is due to the decomposition of the supported coordination compound. This matter indicates that the coordination compound still remains in the structure of the recovered catalyst and is another evidence for the stability of the heterogeneous catalyst. The higher weight loss in the case of recovered catalyst (≈30%) with respect to the fresh catalyst (≈25%) can be attributed to the replacement of chloride anion with azide and also the absorption of reagents onto the surface of the catalyst.

![Isolated yield of β-hydroxy-1,2,3-triazole using the recovered **SG-1′** catalyst.](ao0c01491_0010){#fig9}

![EDS and EDS mapping analysis of the recovered heterogeneous catalyst after the catalytic production of β-hydroxy-1,2,3-triazoles.](ao0c01491_0002){#fig10}

The details of the mechanism of copper-catalyzed azide--alkyne cycloaddition reactions have been theoretically and experimentally studied in the literature.^[@ref38]^ Although mechanistic studies were not done in this project, by considering the characterization results of the recovered catalyst it is obvious that the reaction is proceeded by the coordination of azide to the copper core of the supported coordination compound and elimination of the chloride ligand. The copper core of the catalyst can also facilitate the in situ generation of alkyl--azide by the interaction with the oxygen atom of the epoxide ring.^[@cit10b]^ It is predictable that the mechanism of this reaction is similar to the previously reported mechanisms,^[@cit10b],[@ref38]^ and the reaction is proceeded by the interaction of alkyne with the copper core of catalyst. Finally, the reaction is completed by the 3 + 2 cycloaddition reaction of the in-situ-generated alkyl-azide and alkyne and the copper core of the catalyst facilitates this process by interaction with the substrates.

Conclusions {#sec3}
===========

In summary, a new copper(II) coordination compound was synthesized and characterized using spectroscopic methods and single-crystal X-ray analysis. Then, the obtained coordination compound was successfully supported on silica gel by the amidification reaction and a novel silica-supported Cu(II) catalyst was synthesized. The obtained heterogeneous catalyst was characterized by FT-IR, SEM, TGA, and EDS analyses, and it was employed in the catalytic production of β-hydroxy-1,2,3-triazoles from three-component azide--epoxide--alkyne cycloaddition reactions. Catalytic reactions were performed in water as a green solvent, and the effects the reaction temperature and the amounts of catalyst were studied. The investigations showed that the reported covalently supported Cu(II) coordination compound on the silica gel was an easily producible, stable, inexpensive, and highly active catalyst for cycloaddition reactions. The obtained β-hydroxy-1,2,3-triazoles were characterized by spectroscopic methods, and the structure of two products was determined by single-crystal X-ray analysis. The catalytic studies indicated that the aromatic and aliphatic substituents on the epoxide ring have considerable effects on the regioselectivity of this catalytic system. The results indicated that this catalytic system is regioselective at low temperatures, but at temperatures higher than 50 °C, two products can be obtained due to two kinds of epoxide ring-opening reactions. Moreover, the substituents on the alkyne group have an impressive effect on the activity of the obtained heterogeneous catalyst in cycloaddition reactions.

Experimental Section {#sec4}
====================

Materials and Instrumentations {#sec4.1}
------------------------------

6-Hydrazinonicotinic hydrazide hydrate was purchased from Sigma-Aldrich. All of the other chemical reagents were prepared from Merck and used as received. Solvents of the highest-grade commercially available (Merck) were used without further purification. The surface of silica gel was functionalized by 3-aminopropyltriethoxysilane (APTS), according to the procedure reported in the literature.^[@ref39]^ FT-IR spectra were recorded using a Bruker FT-IR spectrophotometer as KBr disks. UV--vis spectra of solutions were recorded using a thermospectronic Helios Alpha spectrophotometer. ^1^H and ^13^C NMR spectra in dimethyl sulfoxide (DMSO)-*d*~6~ solution were measured using a Bruker 250 MHz spectrometer, and the chemical shifts were indicated in parts per million (ppm) relative to tetramethylsilane (TMS). The elemental analyses (carbon, hydrogen, and nitrogen) of the compounds were recorded using a Carlo ERBA model EA 1108 analyzer. The copper content was determined by atomic absorption analysis using a Varian Spectra AA-220 equipment. Thermal gravimetric analyses (TGA) curves were recorded using a PerkinElmer Pyris 1 instrument in the range of 25--1000 °C. The particle size and morphology of the sample surfaces were studied using a scanning electron microscope (MIRA3, TE-SCAN) equipped with an energy-dispersive X-ray spectrometer (EDS). EDS and EDS mapping were performed to further confirm the composition of the prepared samples.

Synthesis of Ligand (*E*)-6-(2-((2-Hydroxynaphthalen-1-yl)methylene)hydrazinyl)nicotinohydrazide (H~2~L) {#sec4.2}
--------------------------------------------------------------------------------------------------------

A methanol (10 mL) solution of 6-hydrazinonicotinic hydrazide hydrate (0.501 g, 3.0 mmol) was added dropwise to a methanol solution (10 mL) of 2-hydroxy-1-naphthaldehyde (0.516 g, 3.0 mmol), and the mixture was refluxed for 4 h. The solution was evaporated on a steam bath to 5 mL and cooled to room temperature. The resulting light yellow precipitate was separated and filtered off, washed with 5 mL of cooled methanol, and dried in air. Yield: 90% (0.867 g). m.p. 299--302 °C. Anal. Calcd for C~17~H~15~N~5~O~2~ (MW = 321.33): C, 63.54; H, 4.71; N, 21.79%. Found: C, 63.59; H, 4.67; N, 21.85%. FT-IR (KBr, cm^--1^): 3335 (w), 3272 (w, br), 3204 (m), 3050 (w), 2923 (w), 2859 (w), 1664 (m), 1625 (vs), 1589 (vs), 1523 (s), 1531 (m), 1468 (s), 1420 (w), 1403 (w), 1386 (w), 1327 (s), 1281 (m), 1240 (w), 1188 (m), 1158 (s), 1141 (m), 1014 (w), 956 (w), 930 (w), 913 (w), 885 (w), 855 (w), 812 (s), 776 (m), 743 (m), 718 (w), 685 (w), 666 (m), 656 (m), 543 (w), 526 (w), 509 (w), 499 (w), 477 (w), 442 (w), 422 (w). ^1^H NMR (250.13 MHz, DMSO-*d*~6~, 25 °C, TMS): δ = 11.70 (s, 1H, OH), 11.34 (s, 1H, NH~amide~), 9.65 (s, 1H, NH~hydrazone~), 9.07 (s, 1H, CH=N), 8.81 (s, 1H, CH=N~pyridine~), 8.44--6.97 (m, 8H, aromatic), 4.46 (s, 2H, NH~2~). ^13^C NMR (62.90 MHz, DMSO-*d*~6~): δ = 165.18, 157.56, 156.77, 148.38, 141.14, 137.48, 131.90, 131.60, 129.27, 128.48, 127.99, 123.83, 122.21, 120.59, 118.90, 110.36, 105.50 ppm. UV--vis (in CH~3~OH, *c* = 2.5 × 10^--5^ M, λ~max~ \[nm\] with ε \[M^--1^ cm^--1^\]): 212 (57 600), 240 (29 300), 266 (18 700), 334 (27 400), 374 (34 600), 390 nm (30 000).

Synthesis of \[Cu(HL′)(Cl)\]·CH~3~OH (**1**) {#sec4.3}
--------------------------------------------

Compound **1** was synthesized by the reaction of H~2~L (0.321 g, 1.00 mmol) and CuCl~2~·2H~2~O (0.170 g, 1.00 mmol) in methanol using the thermal gradient method in a branched tube. The above-mentioned amounts of the materials were placed in the main arm of a branched tube. The tube was carefully filled with methanol and sealed. The reagent-containing arm was immersed in an oil bath at 65 °C, while the other arm was kept at ambient temperature. After a 1 week, dark brown crystals were deposited in the cooler arm. Yield 75% (0.33 g). Anal. Calcd for C~19~H~18~ClCuN~3~O~4~ (MW = 451.35): C, 50.56; H, 4.02; N, 9.31; Cu, 14.08%. Found: C, 50.48; H, 3.98; N, 9.39; Cu, 14.17%. FT-IR (KBr, cm^--1^): 3419 (br, m), 3180 (w), 3050 (w), 2960 (w), 2923 (w), 2851 (w), 1717 (vs), 1633 (vs), 1598 (m), 1551 (m), 1536 (s), 1491 (w), 1455 (w), 1433 (w), 1412 (m), 1383 (w), 1356 (s), 1339 (w), 1278 (m), 1263 (s), 1194 (m), 1169 (s), 1130 (m), 1119 (m), 1096 (w), 1004 (w), 1009 (m), 968 (m), 924 (w), 916 (w), 857 (w), 831 (m), 770 (m), 747 (m), 669 (w), 654 (w), 531 (w), 496 (w), 471 (w), 447 (m), 420 (m). UV--vis (in CH~3~OH, *c* = 2.5 × 10^--5^ M, λ~max~ \[nm\] with ε \[M^--1^ cm^--1^\]): 216 (61 500), 241 (52 100), 263 (47 200), 339 (35 500), 422 (33 700), 444 nm (51 100).

Synthesis of Heterogeneous Catalyst from Compound **1** (**SG-1′**) {#sec4.4}
-------------------------------------------------------------------

The silica gel-supported heterogeneous catalyst was prepared by reaction of compound **1** (1.354 g, 3.00 mmol) with 3.00 g of functionalized silica gel and APTS (SG-APTS) in 25 mL of methanol. The mixture was stirred under reflux conditions for 24 h. Then, the product was filtered off, washed with cold methanol, and dried under vacuum at 50 °C for 24 h to obtain dry heterogeneous catalyst (**SG-1′**). By considering the weight of the final product (4.05 g), the loading of compound **1** on the surface of silica gel was calculated to be approximately ≈0.90 mmol per 1 g of silica gel, which is equal to ≈0.667 mmol of Cu(II) coordination compound per 1 g of final heterogeneous catalyst. FT-IR (KBr, cm^--1^): 3426 (m, br), 2923 (w), 2853 (w), 1617 (m), 1532 (m), 1486 (w), 1409 (w), 1356 (w), 1338 (w), 1193 (m), 1093 (vs), 968 (w), 919 (w), 825 (m), 805 (m), 749 (w), 668 (w), 450 (vs).

X-ray Crystallography {#sec4.5}
---------------------

The brown crystals of **1** crystallize in **P**2~1~/*n* (monoclinic) space group, but colorless crystals of **T2** and **T3** crystallize in **P**2~1~/**c** (monoclinic) and *Pca*2~1~ (orthorhombic) space groups, respectively. A summary of the crystal data and refinement details for compound **1**, **T2**, and **T3** is given in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. Single-crystal data collection for **1** was performed using an Xcalibur diffractometer with a charge-coupled device (CCD) ruby detector equipped with an Oxford Cryosystem open-flow nitrogen cryostat using ω scan and a graphite-monochromated Mo Kα (λ = 0.71073 Å) radiation at 100 K. The X-ray data for **T2** and **T3** were collected at 293(2) K by an Oxford Sapphire CCD diffractometer using Mo Kα radiation. The structures were solved by direct methods and refined with full-matrix least-squares techniques on *F*^2^ with SHELXL-2014.^[@ref40]^ H atoms were found in the difference Fourier maps or were included using geometrical considerations. The molecular structure plot was prepared using Diamond.^[@ref41]^ The structural data have been deposited at the Cambridge Crystallographic Data Centre (CCDC no. 1921721 for **T2**, 1935505 for **T3**, and 1980597 for **1**).

###### Crystal Data and Structure Refinement Parameters for Compounds **1**, **T2**, and **T3**

  identification code                   compound **1**                    **T2**                         **T3**
  ------------------------------------- --------------------------------- ------------------------------ ---------------------------------
  net formula                           C~19~H~18~ClCuN~3~O~4~            C~13~H~17~N~3~O~2~             C~11~H~13~N~3~O
  formula weight (g mol^--1^)           451.35                            247.29                         203.24
  *T* (*K*)                             100                               293                            293
  crystal size (mm^3^)                  0.06 × 0.08 × 0.18                0.22 × 0.08 × 0.07             0.61 × 0.12 × 0.09
  crystal shape, color                  needle, dark brown                block, colorless               needle, colorless
  crystal system                        monoclinic                        monoclinic                     orthorhombic
  space group                           **P**2~1~/**n**                   **P**2~1~/**c**                *Pca*2~1~
  *a* (Å)                               10.822(5)                         5.7635(13)                     9.873(2)
  *b* (Å)                               8.919(3)                          24.996(6)                      12.958(3)
  *c* (Å)                               19.088(8)                         8.917(2)                       8.353(2)
  β (deg)                               105.07(5)                         97.92(2)                       90
  volume (Å^3^)                         1779.0(12)                        1272.4(5)                      1068.6(4)
  *Z*                                   4                                 4                              4
  density (calcd) (g cm^--3^)           1.685                             1.291                          1.263
  absorption coefficient (mm^--1^)      1.41                              0.09                           0.09
  *F*(000)                              924                               528                            432
  θ range (deg)                         3.0--27.6                         2.5--28.3                      2.6--28.6
  measured reflections                  19 300                            8569                           6748
  independent reflections               4101                              2914                           2431
  reflections with *I* \> 2σ(*I*)       2926                              1079                           1295
  index ranges *hkl*                    --12 → 14, --11 → 11, --24 → 24   --7 → 7, --32 → 31, --11 → 9   --12 → 13, --17 → 15, --10 → 10
  restraints/parameters                 1/257                             0/163                          1/137
  goodness of fit on *F*^2^             1.07                              0.998                          0.956
  *R*~int~                              0.130                             0.160                          0.057
  *R*\[*F*^2^ \> 2σ(*F*^2^)\]           0.060                             0.094                          0.048
  w**R**(*F*^2^)                        0.157                             0.226                          0.087
  max/min electron density (e Å^--3^)   0.82/--0.68                       0.30/--0.35                    0.14/--0.12

General Procedure for the Catalytic Production of β-Hydroxy-1,2,3-triazoles from the One-Pot Tricomponent (Epoxide, Azide, Alkyne) Ring-Opening/Huisgen Cycloaddition Reaction {#sec4.6}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The catalytic click syntheses of β-hydroxy-1,2,3-triazoles were carried out by the method described in our previous report.^[@cit10b]^ Briefly, sodium azide (0.065 g, 1.0 mmol), epoxide (1 mmol), and terminal alkyne (1 mmol) were added to a suspension of **SG-1′** (0.002 g) in water (2 mL). The reaction mixture was stirred at the desired temperature, and the progress of the reaction was monitored by TLC until the total conversion of the starting materials. In all cases, white precipitates (or oily organic layer) were formed after the formation of the product. After completion of the reaction, the organic product was extracted by the addition of chloroform (3 × 10 mL) to the mixture. The silica-supported heterogeneous catalyst was separated from the remaining solution by filtration. The pure β-hydroxy-1,2,3-triazoles were isolated through silica gel column chromatography. The products of catalytic reactions were characterized by spectroscopic methods and elemental analysis, and their detailed information is presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf). The structures of the two products were further characterized by single-crystal X-ray analysis. The products of the reaction among phenylacetylene, sodium azide, and epoxystyrene, 2-phenyl-2-(4-phenyl-1*H*-1,2,3-triazol-1-yl)ethanol (**T1a**) and 1-phenyl-2-(4-phenyl-1*H*-1,2,3-triazol-1-yl)ethanol (**T1b**), were similar to our previous report;^[@cit10b]^ their information is available in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01491](https://pubs.acs.org/doi/10.1021/acsomega.0c01491?goto=supporting-info).Analysis of the conformers of FT-IR, ^1^H NMR and ^13^C{^1^H} NMR information of all compounds, TGA analysis of compound **1**, **SG-1′** and recovered **SG-1′**, and selected geometric parameters (Å, deg) for **T2** and **T3** ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_001.pdf))Crystallographic data file for compound **1** ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_002.cif))Crystallographic data file for compound **T2** ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_003.cif))Crystallographic data file for compound **T3** ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01491/suppl_file/ao0c01491_si_004.cif))
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